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Fundamental principle of classical physics - local realism, means that freely chosen observations 
can be explained by a local (slower than light) real process. It is apparently violated in quantum 
mechanics as shown by Bell theorem. Despite extreme efforts experiments have not conclusively 
confirmed this violation due to loopholes. We propose a new postulate that the description of quan¬ 
tum processes must be consistent with local realism, It also assumes existence of many worlds/copies 
of the same system, interacting weakly microscopically but strongly macroscopically, whose number 
can be estimated experimentally.Bell theorem will never address a real experiment because its as¬ 
sumptions cannot be strictly fulfilled. By an appropriate generalization of quantum framework and 
measurement postulates, in particular taking into account freedom of choice, local realism agrees 
with quantum mechanics and the performed experiments, also involving single qubit coherence and 
a weaker version of the Bell test, Einstein-Podolsky-Rosen steering. 


Local realism means that we can reproduce results of 
an experiment by some real process with information 
transfer slower than light, subluminal. The question of 
local realism makes sense only if we agree on freedom 
of choice, otherwise all experiments can be explained by 
superdeterminism (correlations from the far past). Then 
the choice creates some information to be transferred lo¬ 
cally (subluminally). Local realism is trivally correct in 
classical mechanics, because it itself provides the desired 
local process. This is no longer obvious in quantum me¬ 
chanics because the all we have are detection results with 
no direct construction of the process. Even worse. Bell 
theorem [T] states that it is impossible for a special en¬ 
tangled state where appropriate choice of measurements 
by two remote observers violates some inequality satisfied 
by all local realistic explanations [2]. Many experiments 
confirmed this violation [SHU] but always with at least 
one loophole. The loophole means that some assump¬ 
tion of the Bell test has been weakened, either the detec¬ 
tor is not sufficiently efficient (most of detected particles 
are lost), the distance between observers is too small to 
exclude local communication or there is no free choice. 
Extreme efforts are taken to close all loopholes simul¬ 
taneously, which some experts speculate to be achieved 
soon [13]. 

The absence of a loophole-free violation of Bell-type in¬ 
equalities admits a local and real process exploring loop¬ 
holes [I4UT6| . supported by more or less realistic models 
[Mini- A large class of realistic models have been ex¬ 
cluded by realization of Einstein-Podolsky-Rosen (EPR) 
paradox |20j . It is tested by steering - a weaker version 
of the Bell test where one of the observers uses agreed 
quantum description. It has been confirmed loophole-free 
experimentally pTl423j . Nevertheless, a general construc¬ 
tion of a model of local reality consistent with quantum 
mechanics has never been precluded. The Bell theorem 
mm itself relies on assumptions about quantum mea¬ 
surement: (A) an ideal entangled state without decoher¬ 
ence, (B) instant and perfect choice and measurement. 
Although these assumptions are allowed by standard the¬ 


ory of quantum measurement, they do not need to be fea¬ 
sible in reality. Here we show that such construction is 
possible within quantum framework with all choices po¬ 
tentially simultaneously measurable. This construction 
almost surely will involve many worlds (copies of a single 
one) which however do not split constantly [23] (it would 
be nonlocal) but with a number possibly large but fixed 
and interacting locally and weakly [25] . 

A general construction and restriction of quantum ob¬ 
servations, satisfying principle of local realism, will be 
completed if the observations depend locally on free-to- 
choose options, readouts for all options simultaneously 
are represented by a positive probability. All events, 
free choices and measurements will be referred by time- 
position X = (a:° = ct,x) (time t, spatial coordinates 
X, speed of light c). Given the initial state of the sys¬ 
tem (universe) and it dynamics, Hamiltonian H, the free 
choice a means that a decision whether to modify the 
dynamics by an extra term in the Hamiltonian Haix) lo¬ 
calized at Xa- This corresponds to the usual Bell-type 
experimental situation of a dichotomic choice. There 
can be many such defined choices localized at the points, 
a, 6, c,.... The readout cannot depend on remote choice, 
beyond causality region. The original Hamiltonian with 
or without extra free terms satisfies causality, any change 
cannot propagate faster than light. Every choice a results 
in different dynamics within the future lightcone starting 
at a, a;°—cc® > \x—Xa\- In overlapping lightcones of a and 
b the dynamics depends on joint choices. Let 0{x) de¬ 
note an observable in Heisenberg picture with respect to 
the original Hamiltonian, while for Oa{x), Ob(x), Oab(x) 
we add the choice-dependent Hamiltonian Ha, Hb, or 
Ha + Hb, respectively. Certainly the causality principle 
tell us that if x is outside of the future lightcone of Xa 
then Oa{x) = 0(x) and Oab(x) = Ob{x). If x is outside 
both future lightcones of Xa and Xb then Oab(x) = 0(x). 

The measurement readout which will be also localized 
in spacetime, i.e. a random function a(x) (or /3(x) etc.). 
The probability is given by positive operator-valued mea¬ 
sure (POVM) [5^, as TrA'pATl with the Kraus operator 
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FIG. 1: Examples of free choices and readout spatiotemporal 
configuration (time a;° = ct and position x^). (a) Choice b lies 
inside the lightcone of a dividing the spacetime into 3 readout 
regions: a independent of a and b, j3 depending on a but not 
b, 7 depending on a and b. (b) Choices a and b are outside of 
each other’s lightcone so there are 4 regions: 7 independent 
of a and 6 , a depending on a but not b, /3 depending on b but 
not a, S depending on a and b. 


K in the state p (= |'0)(V’| for a pure state). To sat¬ 
isfy causality K can depend only on the causal past of 
X, in Heisenberg picture. The main point of this work 
is to impose the condition of local realism already upon 
Kraus operators - a single POVM for all choices simulta¬ 
neously. Namely, all readouts will be choice-conditioned 
(only for these choices that can affect readout) , e.g. 
a —> a, aa, ab, aab- This means that readouts for all 
choices, also those not just realized, are measurable. The 
readout points (xa, xp, etc.) can lie within the future 
lightcone of some (but not necessarily all) points, as de¬ 
picted in Fig. [ 1 ] Then the Kraus operators for a local 
realistic POVM must have the form 


( 1 ) 

where the set {a} denotes values for each combination of 
only those choices that can influence a, i.e. Xa lies within 
their future lightcones. In the simple case of Figjpi, the 
choice b lies inside the future lightcone of a, so that the 
full Kraus operator reads 

K{0i,fl,fla,'l,'la,'lb,lab) ( 2 ) 

In the situation in Figj^, Xa, xt lie outside of each other 
future lightcone and then the maximal dependence of 
Kraus operator reads 


K{'^,a,aa,f3,l3b,S,Sa,Sb,Sab) ( 3 ) 

Let us demonstrate how the joint POVM works in the 
simplest and most studied cases. An evolving qubit - 


single two level system (e.g. spin, ion, atom) can be 
prepared in some state, e.g. |-|-) and evolve by a Hamil¬ 
tonian H = /ia;|-|-)(—|-l-h.c. so that the state rotates in 
time t into cosa;t|-|-) — *sina;t|—). Suppose we want to 
measure if we have the initial state after time t. This cor¬ 
responds to the recent experimental situation with long 
coherent ion qubits [3S] but also artificial qubits 
(though of much shorter coherence). Using projection 
P = l+)(+l 01^6 finds the probability pt = cos^(wt/2). 
Now suppose that we can choose to read it or not at 
two times ta and tb which corresponds to the situation 
in Fig. In particular the interesting values will be 
fla and 7 b which will be 1 if the state was initial and 
0 otherwise. We have to find at least joint probability 
p{fla^lb)- Of course such a probability, reproducing pro¬ 
jective predictions, exists e.g. p = PaPb, but we have 
to construct it using POVM. A simple attempt, K{j3a = 
7 b = 1) = PbPai results in disturbance of the last readout 
by the first. If tb = tt/uj while ta = 7r/2a; then p = 1/4 
for every event, in conflict with projective expectation 
p{lb = 1) = ^(IjO) -|-p(0,0) = 0. A two-state represen¬ 
tation of the qubit fails. Suppose that there exist many 
copies or worlds of the same qubit. Then the actual state 
of the qubit c|-|-) -I- d|—) can be n^i(c|+) + d\—))j with 
the Hamiltonian H = hu'^j |-|-)j(—|-|-h.c. The POVM 
can just pick two (or more) different copies K = PbjPak 
with Pj = |+)j(+| and j ^ k. Importantly, the worlds 
are not splitting at each measurement act [ 23 ] - this 
would be manifestly nonlocal. Their number is constant, 
they occupy the same spacetime and there may be some 
weak local interaction [25] that makes the worlds similar 
at macroscopic level, but not for single isolated qubits. 
It essentially means that the original Hilbert space and 
Hamiltonian is copied N times H —)■ Hj with ad¬ 

ditional very weak inter-world interaction [251 [27] rele¬ 
vant only at macroscale. For two choices N = 2 suf¬ 
fices but in general N must match at least the number 
of choices. Such an estimate should be possible to find 
in ion or artificial qubits experiments [2Hl431j . The fact 
that we see a single world macrosopically, just like the 
Schrodinger cat is alive or dead but not both can result 
from weak inter-world interaction. Promoting the qubit 
to become a dead/alive macroscopic state of a cat, the 
energy can depend on the fraction of |—) in the state, 
namely |-l-)'^~^|—)^ has energy with the minimum 0 
only for k equal 0 or V - when the state in all worlds 
is the same. Since other macrostates are energetically 
unfavorable, the system will ultimately collapse to either 
|-|-)^ or |—)^, see. Fig. 

The problem of insufficient Hilbert space occurs also 
in the local realistic description of EPR-steering. The 
EPR-steering experiments [2TH23] violate local realism 
under a stronger assumption than Bell. Of the two sepa¬ 
rate observers, one of them (Bob) trusts in the particular 
quantum representation of his party of the measured sys¬ 
tem and detection. Bob can freely choose between two. 
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FIG. 2: Schrodinger cat in many worlds, (a) A cat we see 
is in fact a bunch of copycats, (b) The macrostate with only 
part of copycats dead/alive is energetically unstable. 

there or more measurements with dichotomic readout, 
±1. Bob in fact can also read 0 out, but these events are 
discarded. Alice, on the contrary, does not assume any¬ 
thing about her POVM and her possible readouts are ±1 
and 0, without discarding anything. Bob assumes that 
his part can be represented by a qubit, with the basis 
states |-|-) and |—), and the choice corresponds to some 
unit vector on Bloch sphere, 6 , |5| = 1. The correspond¬ 
ing, trusted POVM for the readout ±1 at Bob’s side 
reads Kb{:!c.1) = (1 ± 6 • ( 7 ) 3 / 2 , with the Pauli matrices 

^ = (|-)(+l+l+)(-MI-)(+|-*l+)(-U+)(+|-|-)(-|). 

Suppose that Bob (and Alice) can choose between 61 , 
62 , & 3 , or more. Then our construction implies a joint 
Kraus operator for all choices Ar( 6 i, & 2 , & 3 , oi, 02 , 03 ) for 
bj = ±1, Qj = ±1,0 which reduces to the trusted Bob’s 
POVM when ignoring not chosen options, i.e. 

^ K^K = {K^K)A{ai){K^K)B{bi) (4) 

a2,a3?^2>^3 

where Ka/b applies to the Alice/Bob subspace and Kb 
is given above. Alice can also make two or three choices. 
The EPR-steering paradox appears if one compares pos¬ 
sible results from a local realistic POVM, joint for all 
choices, as described above, with separate POVMs for dif¬ 
ferent choices. Suppose Alice makes has the same choice 
as Bob and her readouts correspond to the same set of 
Kraus operators. If Alice and Bob share a maximally 
entangled state (| H—) — | — 1-))/-\/2 then the ideal joint 
probability reads p{a,b) = (1 — a • 5)/4 (0 is not regis¬ 
tered by Alice) where a = ±1 corresponds to the vector 
±a. if a = —b then the correlation is perfect, namely 
p{a = 6 ) = 1/2 and {ah) = 1. This theoretical result 
is incompatible with local realistic POVM (with trusted 
Bob’s readouts) as it violates certain inequalities, by in¬ 
spection of perfect correlations. A simple attempt would 
be Bob’s POVM as above for a random directions of the 
set of choices. Only if the actual choice match then the 
readout is registered, otherwise discarded. Alice does 


the same, but her 0 must be included in the correlations 
leading to 1/M suppression of ( 06 ). 

For M = 3 and orthogonal Bob/Alice directions: 
bi = ( 1 , 0 , 0 ), 62 = ( 0 , 1 , 0 ), 63 = ( 0 , 0 , 1 ) the follow¬ 
ing inequality holds for any local realistic (Bob-trusted) 
POVM [U, 

E ^ 1/3 (5) 

j —1,2,3 Cij 

where p{(ij) is the probability of occurring aj when the 
choice j is made by Alice while (fej/a, is the conditional 
average of bj for a particular value Qj occurred and Bob 
also chose j. Even with experimental defliciences, the 
violation has been confirmed [2TVl23) h satisfying other 
Bell conditions (free choice and no communication). 

To resolve the conflict one has to relax the Bob’s trust. 
Again, we multiply the initial space. Alice and Bob do 
not share a single entangled state but their many copies 
so that the full state is a tensor product Hfed 4—) ~ I ~ 
+))/^/2 for k = 1,..., V. Let Bob choose the direction b 
and measure every copy of his qubit with KB{b^) for the 
value b^ = ±1. Now the reported readout is ±1 only if 

= ±1 for every k and —1 if 6 ^ = —1 for every k. If 
not all are equal then the reported readout is 0 and 
the event, regardless the Alice’s readout, is discarded. 
For several choices, the actual direction in K is taken 
randomly from the set of all possibilities. If it matches 
the actual choice, then the readout according the above 
scheme is reported, otherwise discarded. Then Alice can 
construct local realistic Kraus operator similarly as in 
the case of free qubit, Ka = Y\kI^A{cLk) where KA{ak) 
acts only on the fcth qubit. Then the correlations are 
perfect and EPR-steering is consistent with local realism. 
EPR-steering experiments can estimate the lower bound 
for the number of copies, which must be at least 2-3, 
according to the present data pT] . 

The final case is the Bell test, which gives the same cor¬ 
relations as in EPR-steering, (ab) = —a ■ b and a,b = ±1, 
but a general POVM is allowed (no trust from either Al¬ 
ice’s or Bob’s side). Taking two choices for Alice and Bob, 
ai = (1,0,0), d2 = (0,1,0), = (-1,-1,0), V2b2 = 

(-1,1,0) then S = {aibi) + (ai& 2 ) ± ( 02 ^ 1 ) - ( 02 ^ 2 ) gives 
2\/2 in conflict with local realistic bound 2.(2] However, 
in contrast to EPR-steering, this violation has not been 
confirmed experimentally [sm without loopholes [T4l - 
ttH. Restricting to those experiments that satisfied space¬ 
like separation during the measurement the major loop¬ 
hole is low efficiency, 77 = p(a^ = 6 ^ = l)/p(a^ = 1), 
taking into account that a, b can be sometimes 0. We 
can easily construct local realistic POVM with p = 50%. 
To this end, we pick randomly one of the directions Sj, 
j = 1, 2 for Alice. If it matches the actual choice then 
the value according to KA{aj) is reported and otherwise 0 
(hence 50%), and similarly for Bob. In this case the coin¬ 
cidence correlation {ab)a 2 ^b'^^i = -a-b and only the efh- 
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FIG. 3: Steering and Bell parameter, T and S, respectively 
with respect to efficiency for local realistic POVMs for = 1 
to 10 copies of the entangled state (black, N increases with 
the height of the curve) and N ^ oo ('blue|19|'). Maximal 
bound for T and S in local realism corresponds the red line. 


ciency is bounded by 50%. Although at present no exper¬ 
iment reported such high efficiency in conjunction with 
other Bell conditions, one can push the limit higher (the 
absolute bound is 2(-\/2 — 1) ~ 83% [TB]) with help of N 
copies/worlds of the entangled state. Let Alice and Bob 
preselect states with total spin Ja/b = and 

make spin tomography, namely take {N + 
with the uniform measure on unit sphere |A| = 1. Here 
= |A)(A| is projection for = A • J and J^\A) = 
(A^/2)|A), so that |A) is a spin coherent state [32] and 


p = TtK^ Kp. This preselects states with the eigenvalue 
(joint for A and B) = N{N/2 + l)/2 with the overall 
probability {N + 1) /2^ and the rest are discarded (zero). 
For this ensemble the coherent state tomography results 
in the probability distribution 

/ -.\N 

which becomes (5(A — B)jATT [13] in the limit N ^ oo. 
Now, Alice and Bob take their directions a, b, some fixed 
number q G [0,1] and calculate a-A or b-B. They assign 
the final readout: -bl if > +q, 0 for [—q, -l-g], —1 if < —q. 
For the same angles as in usual EPR steering and Bell 
test, it leads to apparent violation of local realism with 
efficiency close to the absolute bound in the limit N ^ oo 
when it reduces to chaotic ball m- The violation is 
already considerable for relatively small N as depicted in 
Fig. § 

In conclusion, quantum mechanics may have some 
strange nonclassical features such as violation of time- 
reversal symmetry |33j but not necessarily violates lo¬ 
cal realism. We have demonstrated that the latter can 
be reconciled with quantum mechanics by making two 
amendments in the theoretical description: (A) Joint 
measurement description for all choices simultaneously, 
(B) introduction of many worlds - the actual system 
is multirepresented. Contrary to the original idea, the 
worlds are not splitting (their number is constant) and 
interact locally and weakly microscopially but strongly 
marcoscopically making them similar in the observable 
reality. Further experiments are needed to confirm this 
conjecture, especially to estimate possible inter-world in¬ 
teraction. One has to be also cautious about soon pos¬ 
sible announcement of a loophole-free Bell test, as time 
of choice and readout should be in principle not machine 
but human-concluded |34j . rather a long-term perspec¬ 
tive. 
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vation and discussion. 
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